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INTRODUCTION 

Maple  sirup  is  produced  by  boiling  down  maple  sap  in  open-pan  evaporators 
which  are  generally  wood- f i red 0   Durina  the  evaporation,  color  and  the  character- 
istic maple  flavor  are  developed=   Color  is  an  important  factor  in  the  gradina  of 
maple  sirup,  the  lighter,  more  delicately  flavored  sirups  commanding  a  premium 
price.   Studies  on  the  problem  of  color  and  flavor  development  (I)  have  revealed 
that  lencth  of  time  of  boiling  and  sugar  concentration  are  important  factors  in 
color  devel opmen t .   One  of  the  objectives  of  this  study  was  to  determine  the 
color  and  flavor  development  in  the  various  sections  of  the  conventional  open-pan 
evaoo  rato  r . 

Little  is  known  of  the  mechanism  of  mass  movement  and  heat  transfer  in  the 
evaporator,  of  evaporative  capacity  per  unit  area  of  heating  surface,  fuel 
efficiency,  and  the  functions  of  the  different  pan  sections  in  color  and  flavor 
development.   It  was  to  obtain  information  on  these  points  that  this  analysis 
was  made. 

EXPERIMENTAL  STUDIES 

To  obtain  data  for  a  complete  analysis,  studies  were  made  during  the  1951 
and  1955  maple  sirup  seasons  on  a  small,  oil-fired  evaporator  of  conventional 
design  installed  in  a  sugarhouse  located  in  a  typical  s i ru p-p roduc i no  region  of 
New  York  S+ate.   In  order  to  determine  color  and  flavor  development,  and  hence 
complete  the  analysis,  it  was  necessary  to  use  laraer  samples  corresponding  to  the 
various  points  in  the  pan  than  could  be  obtained  in  the  sampling  procedure  without 
upsettino  equilibrium.   Therefore,  supplementary  laboratory-scale  experiments  were 
also  made,  usinn  small  batch  pans  heated  by  gas  burners  in  a  fire-brick  chamber,, 
After  preliminary  studies  it  was  possible  to  reproduce  in  these  pans  the  same 
conditions  existing  in  any  section  of  the  standard  maple  evaporator  from  the  stand- 
points of  the  time  required  to  increase  the  sap  or  sirup  from  one  Brix  to  another 
and  the  evaporative  rate. 

The  raw  material  used  in  these  experiments  was  maple  sap  that  h?d  been 
sterilized  by  holding  at  a  boil  for  five  minutes,  hot-packed  in  previously 
sterilized  one-gallon  containers,  ~nd  then  kept  in  frozen  storage. 
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EQUIPMENT  USED  IN  FIELD  STUDIES 

Evapo  rato  r ■   The  evaporator  used  is  the  standard  desipn  of  Georoe  H.  Soule 
Company*  which  is  constructed  of  thin-oage  English  charcoal  tin  and  rated  to 
handle  50  qallons  of  maple  sap  per  hour0   The  feed  rate  and  evaporative  load 
(qallons  per  hour  evaporated)  are  practically  the  same  since  maple  sap  is  97  to  B6% 
water.   Sap  of  1.5°  Brix  fed  at  50  gph  will  yield  0.36  gph  of  65.5°  Brix  sirup, 
while  sap  of  twice  the  sugar  concentration  (3°  Brix)  will  yield  twice  the  amount 
of  sirup,  yet  the  evaporative  loads  are  about  the  same--49.l  acainst  18.3  gph. 

In  Figure  I  a  sketch  of  the  equipment  is  shown;  a  level  regulator,  A,  controls 
sap  flow  into  the  back  or  "flue"  pan,  8,  2  ft  6  in,  wide  by  5  ft  long,  having  a 
total  heating  surface  of  75  sq  ft,  most  of  which  (85%)  is  provided  by  the  flue  .or 
deep  channels,  C.   From  the  flue  pan  the  now  partially  concentrated  sap  flows  into 
the  flat-bottomed  (7.5  sq  ft)  sirup  pan,  D,  which  is  placed  directly  over  the  com- 
bustion chamber,  E;  the  sap  makes  its  way  through  the  four  compartments  of  the 
sirup  pan  in  series,  and  a  sugar  concentration  gradient  is  set  up  in  each  compart- 
ment   Sirup  is  drawn  off  at  F  through  a  globe  valve,  6,  when  correct  sirup  density 
is  indicated  by  a  dial  thermometer,  H    The  thermometer  is  adjusted  to  indicate  a 
reading  of  "sirup"  when  the  boiling  point  of  the  sirup  in  the  outlet  end  of  the 
last  compartment  is  7°  F  above  the  boiling  point  of  water  (standard  density  sirup 
of  655°  Brix  boils  7°  F  above  that  of  water). 

Auxiliary  Equipment    Sap-feed  rates  were  measured  by  a  Buffalo  Meter  Co = 
integrating  type  water  meter,  and  fuel-oil  rates  were  measured  by  mounting  a  55- 
gal  drum  of  oil  on  a  platform  scale  and  making  periodic  weighings,   Product  was 
collected  in  tared  l-gal  containers  and  weiahed  on  a  small  platform  scale.   Stack 
temperatures  were  measured  by  an  iron  constantan  thermocouple  and  Wheelco 
potentiometer    The  heat  source  was  a  National  Aeroil  burner  (1-1/2  to  8  gph 
capacity)  burning  No,  2  fuel  oil  in  a  21-cu-ft  combustion  chamber  lined  with  Johns- 
Manville  J-M  20  insulating  brick. 

To  determine  sugar  concentrations  in  the  pans,  samples  were  withdrawn  simul- 
taneously at  various  points  (described  later)  by  a  vacuum  sampling  device=   Sugar 
concentration  (deg  Brix)  was  measured  at  20°  C=  using  an  Abbe  ref ractomete r ,  and 
pH  measurements  were  made  on  a  Beckman  pH  meter. 


Mention  of  companes  or  products  \n    this  paper  does  not  imply  recommendation  or  endorsement 
by  the  u.s.d.a.  over  others  not  mentioned. 
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EXPERIMENTAL  PROCEDURE 


Determination  of  Sugar  Concentrations  in  the  Evaporator. 
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Determination  of  Color  Development;,   The  technique  employed  in  determin- 
ing the  color  development  in  the  five  sections  of  the  evaporator  was  as 
f o 1 1 ows : 

(I)   The  data  obtained  from  the  "mapping"  run  described  above  was  used 
,  to  determine  Brix  change,  residence  time,  and  evaporative  rate  in 
each  sections   This  enabled  the  setting  up  of  a  model  experiment 
duplicating  the  conditions  existing  in  the  sap  pan  and  in  each 
section  of  the  sirup  pan.   The  equipment  used  for  this  model 
experiment  is  shown  in  Figure  3, 
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Figure  2 

Points  sampled  during  equilibrium  run 
(numbered  in  consecutive  order  of  sap  travel). 
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Fi  gure  3 

Experimental  evaporation 
of  partial  concentrates 
to  duplicate  conditions 
existing  in  the  open-pan 
evaporator. 
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The  Residence  Times .   The  residence  time  for  each  effect 
by  (a)  calculating,  from  its  size  and  depth  of  liquid  (1-1/8 
ric  holdup  in  each  effect;  (b)  calculating,  from  the  volume, 
20°  C)  and  density  (2)  of  the  liquid,  the  sugar  holdup  (lb)  i 
(c)  calculating,  from  the  volume  and  deg  Brix  of  the  sap,  the 
sugar  (lb/hr)  to  the  evaporator  (calculated  for  this  experime 
and  (d)  dividing  the  sugar  feed  rate  into  the  sugar  holdup  in 
Sugar  concentrations  (deg  Brix,  Abbe  20°  C)  at  the  various  po 
(Figure  2)  are  shown  for  each  sampling  in  Table  i  as  well  as 
Brix  at  these  points,  the  average  deg  Brix  (for  one  hour)  in 
the  pH  (averane  of  four  samoles  at  each  point).   In  Table  II 
sugar  holdup  and  residence  times  calculated  for  each  sampling 
effect    The  widest  range  of  variation  in  suoar  holdup  and  re 
occurs  in  the  fourth  and  fifth  effects.   !n  the  fifth  effect 
in  residence  time  amounted  to  about  8  minutes^   This  interval 
to  that  between  sirup  drawoffs    The  pH  measurements  confirm 
of  Bo  is  and  Ducal  (3)  who  reported  the  rise  and  drop  in  pH  wh 
evaporated    The  changes  in  Brix  and  pH  with  time  are  shown  r 
Figures  Sand  7  - 
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Flue   pan    (1st   effect). 
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Figure    5 
Exploded   view  of   sirup   pan    (2nd,    3rd,    1th,    and    5th   effect*). 
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TABLE  I 
SUGAR  CONCENTRATION  AND  pH  FROM  SAP  TO  SIRUP  IN  OPEN-PAN  EVAPORATOR 
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TABLE  II 
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SUGAR  HOLDUP  AND  RESIDENCE  TIME  IN  EACH  EFFECT 


trC  '■ 


Sugar  holdup  (lbV 


0 
m  i  n 


20 

m  i  n 


40 
m  i  n 


50 
m  i  n 


14  ia      .3.4 
1.41    1.31 


13  6  ,13.5 
1.35    1.36 


2.42  2.50  2.3  9  2  18 
4.36  5.34  4.60  3  94 
7.90    8.65    8.00    7.23 


avg 

13.6 
I  .38 
2.48 
4.83 
8.44 


0 

«nrn 


Residence  t i me  (min) 


20 

m  in 


40 
mi  n 


60 

m  i  n 


61  58  59  59 

6.1  ,   6.0     6.0     5.5 

10.5  11,3  10.4     9.5 

19.0  27.0  £j.O  17.0 

34.4  39.0  34.8  31.4 


avo 

59 

6.0 
10.8 
21  .0 
36  7 


~ 


-    9 


70 

, 

60 

50 
^  40 

30 

20 

10 

0 

40  60  80 

ELAPSED    TIME  ( Ml  N) 


140 


F  i  gu  re  6 


Change  in  degrees  Brix  with  time  from  sap  to  sirup  in  five 
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The  Evaporation  in  Each  Effect.   The  evaporative  load  in  each  effect  corre- 
sponds to  the  difference  in  the  amount  of  water  entering  and  the  amount  leaving 
the  effect  in  a  unit  of  time.   For  this  calculation  it  is  necessary  to  know  the 
amount  of  water  which  must  be  removed  in  going  from  any  Brix  to  a  higher  one. 
This  has  been  calculated  for  the  evaporator  used  in  the  test  when  feeding  13.8 
pounds  per  hour  of  sugar  at  3°  Brix  and  is  shown  in  Figure  8    Similar  curves  for 
other  feed  rates  of  different  suoar  concentrations  may  be  drawn,   To  find  the 
evaporative  load  in  each  effect  it  is  necessary  only  to  read  the  volumetric  out- 
put corresponding  to  the  deg  Brix  at  the  exit  and  subtract  this  from  the  volumetric 
input  corresponding  to  the  deg  Brix  at  the  entrance 

TABLE  III 

EVAPORATION  AND  HEAT-TRANSFER  COEFFICIENTS  IN  EACH  EFFECT 


1st 
effect 


2nd 
effect 


3rd 
effect 


4th 
effect 


5th 
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Evaporat  ion 
gph 
gph/sq  ft 
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rad  i  at  ion' 


At  (deg  F)  1070       1800       1800       1800 

U  (BTU/sq  ft/deg  F/hr  .    4o60*     23,40      10.40       5.60 
*  Includes  sensible  heat 


1800 

2  30 


The  evaporative  rates  and  overall  heat  transfer  co 
for  each  effect  are  shown  in  Table  III.   In  calculating 
pan  effects,  the  At  used  is  the  temperature  difference 
point  of  the  partial  concentrate  and  the  furnace  temper 
was  estimated  to  be  2000°  F   based  on  a  heat  release  of 
in  the  combustion  chanber  (4).   The  At  used  in  the  calc 
first  effect  was  the  log  mean  At;  sap  enters  at  35°  Fv 
flue  gases  leave  the  combustion  chamber  at  2000°  F   are 
by  the  time  they  reach  the  stack    The  progressive  deer 
for  the  sirup  pan,  as  shown  in  Table  III,  is  primarily 
in  viscosity  as  the  solids  content  of  the  partial  conce 
Brix  changes,  evaporative  rates,  and  residence  times  fo 
of  the  evaporator  are  shown  in  the  flow  sheet,  Figure  9 
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Volume    (gph)    corresponding    to    sugar 
concentration    (degrees    Brix)    for   open- 
pan    evaporator   at    feed    rate    of    13.8    lb 
sugar    per    hour. 
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Fi  gure    9 

Flow    sheet   of    open-pan    maple-sirup    evaporator    showing    residence 
time    and    evaporation    in    each    effect. 
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Color  and  Flavor  Development,  (Laboratory-Scale  Experiments).   Two 
complete  series  of  experiments  were  carried  out  to  determine  the  relative 
amount  of  color  developed  in  each  effect.   Table  IV  shows  that  the  condi- 
tions used  in  the  laboratory  experiments  closely  reproduced  those  found 
to  exist  in  the  open  pan  during  actual  operation,  except  in  the  2nd 
effectc   It  took  8  minutes  to  go  from  8.1  to  16.3°  Brix  in  the  laboratory 
experiments  instead  of  the  calculated  6  'minutes,  the  equivalent  evapora- 
tion being  3.9  instead  of  5  2  "jjh/sq  ft  (25$  deviation).   From  the 
standpoint  of  color  development,  however,  deviation  at  this  point  is  of 
no  significance,  since,  as  Table  V  and  also  the  profile  graph  (Figure  10) 
show,  practically  all  the  color  is  developed  in  the  last  two  effects. 

Taste-panel  %evaluation  of  these  sirups  indicated  that  a  slight 
amount  of  maple  flavor  is  developed  in  the  flue  pan  and  that  there  is 
a  gradual  increase  in  this  flavor  in  the  sirup  pan,  showing  a  fairly 
close  relationship  between  color  and  flavor.   No  off-flavors  or  caramel 
were  produced. 


TABLE  IV 
COMPARISON  BETWEEN  OPEN  PAN  AND  LABORATORY- SCALE  EVAPORATIONS 


Brix   Change 


Laboratory 
Initial   Final 

Open 

Pan 

Res  i  dence 
Laboratory 

Ti 

i  me  (m  i  n ) 
Open  Pan 

Evaporat  i  on 
Laborato  ry 

(gph/sq  ft) 

Effect 

Initial 

Final 

Open  Pan 

1 

3  0 

80S 

3.0 

8.1 

60 

59.0 

0  18 

0.17 

2 

8  -S 

IS.I 

8.1 

16.3 

8 

6.0 

3.90 

5.20 

3 

IS.I 

28.3 

16  3 

28.5 

1  1 

10.8 

2.30 

2.30 

1 

28-3 

15.  1 

28.5 

17.0 

21 

21  .0 

1  .25 

1  .23 

5 

15.  1 

56.0 

17.0 

65.3 

35 

36.7 

0.59 

0.53 
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Table  V 
COLOR  DEVELOPMENT  IN  THE  OPEN-PAN  EVAPORATOR 
AS  INDICATED  BY  LABORATORY  EVAPORATIONS 
(Color  index  of  sirup  made  without  heat  by  vacuum  concentration:   0.27) 


Equiv.  parts  of  open-pan  evaporator 


Color  index* 


Flue 

S 

ect  i  ons 

of  s  i  rup  pan 

1st  ser i  es 

2nd  seri 

es 

avg 

pan 

1 

2 

3      4 

0.33 

0.25 

X 

0.29 

X 

X 

0.33 

0.25 

0.29 

X 

X 

X 

0.33 

0.40 

0.34 

X 

X 

X 

X 

0.1*2 

0.47 

0.45 

X 

X 

X 

X          X 

0.59 

0.70 

0.65 

•Color  index,  A  86.3*  =  Alt50  (86.3/bc),  where  A450  is  the  observed 
I  cm 

absorbance  at  450  m/z,  b  is  the  depth  of  solution  in  centimeters,  and  c  is 
the  grams  of  solids  as  sucrose  per  100  ml  as  determined  on  an  Abbe 
ref Tactometer. 


.70t- 


.60 
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^  .50 
§.40 


.30 
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.20 


1st    EFFECT  2nd  3rd 

SAP  TRAVEL    DISTANCE 


4  th 
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Fi  gure    10 
Profile   of    color    developed    in    open-pan    evaporator. 
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CONCLUSIONS 

These  studies  have  indicated  that  most  of  the  color  is  developed  in  the 
last  two  effects  of  the  sirup  pan  of  the  conventional  direct-fired  maple- 
sirup  evaporator=   Throughout  the  sirup  pan  there  is  a  decrease  in  overall 
heat  transfer  coefficient,  and  the  evaporation  process  slows  down.   This 
slowing  down  occurs  as  solids  concentration  increases,  and  with  increasing 
solids  concentration  the  rate  of  color  development  has  been  shown  to  increase. 
Therefore,  to  produce  lighter  sirup  it  is  necessary  to  speed  up  the  evapora- 
tion in  the  range  of  hioher  solids  concentration. 


Now  any  increase  in  the  speed  of  e 
in  the  overall  heat-transfer  coefficien 
the  boiling  side  is  controlled  by  two  f 
(b)  the  rate  of  circulation  of  the  boil 
surface  To  obtain  the  high  velocities 
transfer  coefficient  forced  convection 
sugar  concentrations.  Forced  convectio 
t i on ,  but  this  has  been  accomplished  in 
evaporator  developed  at  this  Laboratory 
ties  obtained,  since  steam  is  the  heati 
obtained  on  the  heat-transfer  surface; 
sirup  is  produced  which  is  lighter  than 
in  the  conventional  evaporator. 


vaporation  must  result  from  an  increase 
t»   It  is  well  known  that  the  film  on 
actors;  (a)  viscosity  of  the  liquid  and 
ing  liquid  across  the  heat-transfer 

required  to  improve  the  overall  heat- 
is  necessary,  especially  in  the  higher 
n  is  not  practical  in  open-pan  evapora- 
a  new  steam-heated  tubular-type 
(5).   In  addition  to  the  high  veloci- 
ng  medium,  lower  temperatures  are 
By  means  of  the  high  speed  evaporator, 
that  made  by  processing  the  same  sap 
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